Abstract-Solenoid
I. INTRODUCTION
Solenoid valves, or solenoid-operated valves (SOVs), are pieces of equipment that are widely used in a variety of industries to dose, allocate, shut off, or combine fluids [1] . While in use, solenoid valves experience stresses arising from the process fluid(s), ambient environment, and Joule heating of the electromagnetic coil. Research shows that the failure rate of the actuators (mainly various types of valves) in the instrumentation systems is very high [2] . Therefore, it is significant to study the fault detection of the SOVs to improve the reliability of the instrumentation systems [3] .
There are some technologies aimed at performing diagnostics on SOVs, such as one measuring valve current as a proxy for understanding the movement of the plunger and electromagnetic coil health [4] [5] ; measurement of acoustic and electric field signals to ascertain the change of state of the plunger [6] , a system to monitor the phase difference between the voltage and current applied to a SOV in order to monitor the position of the plunger [7] . However, these methods cannot provide an explicit understanding of the actual behavior and degradation state of the SOVs. Further, these methods are easily interfered by the environment and power supply system, and can't respond to the actual health state of the solenoid valve.
Therefore, a novel method of fault detection for solenoid valves based on vibration signal measurement is proposed in this paper. The vibration sensor is place on the top of the solenoid valve and the vibration signal is collected by Labview SignalExpress system. In this method, the vibration signal is collected by the vibration sensor to monitor the working state of the solenoid valve, and not the electrical parameters of the power system [8] [9] . The amplitude of the signal is extracted by denoising algorithm based on Wavelet and analyzed to detect faults. The method is not interfered by power supply system, and solves the defect that the other methods are easily interfered by power supply system. Experimental platform was set up to validate the proposed method by injecting faults into the solenoid valve.
The rest of the paper is organized as follows. In Section , the failure modes and effect analysis of SOVs, is performed. In Section , the method of fault detection for solenoid valves based on vibration signal measurement is proposed. In Section IV, wavelet denoising method based on heursure threshold Function is described. Finally, the conclusions are given in Section V.
II. FAILURE MODES AND EFFECT ANALYSIS OF SOV

A. Basic Structure of SOV
The basic structure and main components of SOV are shown in Figure 1 . A SOV operates by using an electromagnetic coil to construct a magnetic field, which acts on the plunger. Generally, the plunger moves from its rest position under the influence of the magnetic field until it is stopped at its operating position. This operating position is held until the magnetic field is removed and the spring forces the plunger to move back to its rest position. Therefore, when the valve is energized, the media can flow through the orifice; when the power is cut off, the valve is closed by the spring force, and then the media is prohibited. 
B. Failure modes and effect analysis of SOV
The main failure modes are described as follows. The plunger is in contact with the plunger tube, which induces friction, wear, and material loss. The increased friction, wear, and material loss will be evidenced by stick slip behavior or a failure to fully seal the valve when closed.
Aggressive process fluids and friction produced by interaction with the moving plunger result in wear of the plunger tube. This produces wear particles that can inhibit the movement of the plunger.
The electromagnetic coil is responsible for producing the magnetic field that magnetizes the plunger and produces the necessary motion of the valve. As an electric current is passed through the wire, Joule heating causes an increase in the wire temperature. If the temperature is too great, the dielectric material between the wires could degrade and fail, and then two neighboring wires would form an electrical connection, producing a turn-to-turn or layer-to-layer short, thus pulling a greater current into the valve and resulting in an open circuit.
There are many other factors that cause the fault of a SOV ,  Table  describes various types of faults and causes. While in use, solenoid valves experience stresses arising from the process fluid(s), ambient environment, and Joule heating of the electromagnetic coil, and then the failure rate of the spring, the electromagnetic coil and the plunger is higher than other components in a solenoid valve [10] . the physical laws of electromagnetics, the force provided by a magnetic field is directly proportional to the square of the magnetic field intensity. A solenoid valve operates by using an electromagnetic coil to construct a magnetic field, which acts on the ferromagnetic plunger. The plunger becomes magnetized and then moves from its rest position under the influence of the magnetic field until it is stopped at its operating position.
A vibration sensor is placed on the top of the valve where it can capture the motion of the plunger when the coil is energized. The vibration signal can be used to detect faults in the valve, such as contamination/corrosion of the plunger or plunger tube or degradation of the electromagnetic coil. Figure  2 shows the signal flow for this method. Vibration signal of SOV which is collected by the sensor, is processed and extracted to obtain the characteristic data, For the tested SOV, its vibration data are compared with the characteristic data, and then its healthy state is obtained. 
A. Experimental Platform
According to the structure and working principle of the SOV, the vibration sensor can be placed above the plunger tube on the exterior of the SOV where it can capture the motion of the plunger when the electromagnetic coil is energized ( Figure  3) . The experimental platform is shown in Figure 3 , The working voltage of the SOV is DC24V. The vibration sensor is fixed on the top of the SOV, and the data acquisition card is the NI-PXI4462 of NI. SignalExpress of LABVIEW is used to obtain vibration data.
As the valve ages and degrades as a result of contamination from the process fluid or thermal loading from the environment or electromagnetic coil, the force with which the plunger impacts the location of the operating position will migrate, and this migration can be used to understand the health of the SOV. Furthermore, valve degradation will result in changing to the vibration signal, which can be used to provide health information for the SOV.
B. Method of Fault injection to the SOV
As shown in Figure 4 , when the solenoid valve is energized or deenergized, the vibration signals of the plunger can be collected by the sensor which is placed on the top of the solenoid valve. Further, the healthy state of the solenoid valve can be assessed by certain features extracted (amplitude) from the vibration signal. If there are some obstacles in the SOV, the vibration signal is different from those in healthy condition. Different quantities of paper (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) are implanted in the orifice to simulate the faults of the SOV in this paper, these changes in quantities can be detected as changes in the vibration signal of the plunger. Therefore, as shown in Table , the health index of the SOV is defined based on the quantity of the implanted paper. When the health index is less than 70 percent, the SOV must be maintained. 
C. Experimental Results and Analysis
The relationship between the quantity of implanted paper and vibration amplitude is shown in Figure 5 . As the quantities of paper increase, the amplitude of vibration becomes smaller. In detail, the following can be observed: a) When a SOV is in a healthy state, the vibration amplitude can reach 7g, and health index is 100 percent.
b) When quantities of implanted paper are more than 4, the amplitude of vibration has been reduced to 4g, and health index is less than 70 percent, it shows that the SOV has been partly blocked, and should be repaired.
Therefore, the health index of a SOV can be assessed by analyzing the amplitude of the vibration, thuOrs empowering condition-based maintenance operations for SOV. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Among these techniques, wavelet signal processing technology has been widely employed for extracting the vibration signature, detecting and diagnosing faults, and has very wide range of applications.
According to the actual operating system, the vibration signal is often interfered by environment ( Figure 6 ). In order to improve the accuracy of measurement, it is necessary to reduce noise. Wavelet denoising method has be widely used, and has good effect to vibration signal. 
A. Wavelet Threshold Function
If a signal is disturbed by the noise, the basic model can be expressed by the following (1):
Among them, ( ) m t is the vibration signal, ( ) f t is the real signal, i Z is the noise signal, σ is the noise intensity.
Generally, the wavelet threshold denoising method of signal can be divided into the following three steps: a) Wavelet decomposition of signal. Choose a wavelet and determine the level N of wavelet decomposition, then according to the corresponding wavelet, from the noisy signal, obtain the high-frequency coefficients decomposed in each order.
b) Threshold quantification of the high-frequency coefficients of wavelet decomposition. Quantify the threshold of the high frequency coefficients in the corresponding order after 1~N order scale decomposition, to get a new highfrequency coefficient of wavelet. c) Wavelet Reconstruction. According to the N-order low-frequency coefficients got from wavelet decomposition and the high-frequency 1~N order coefficients after threshold processing, synthesis and reconstruct the signal with wavelet to get the noised signal. According to the working environment of the solenoid valve, heursure threshold function is adopted in this paper to achieve denoising, Figure 7 shows that the amplitude of the signal with noise is higher than the amplitude of denoised signal based on heursure threshold function, and the shown waveform is closer to the original signal.
B. Wavelet Denoising Method Based on Heursure Threshold
The experimental analysis was carried out by means of mean value, and heursure threshold function is adopted to achieve denoising (Figure 8 ), which show as follows: It is accurate to response health state by the method based on wavelet threshold denoising, When the signal amplitude is 6.0g, the health index is about 75 percent, and compared with the original signal, the error is very small. However, to the signal with noise, when the measured vibration amplitude is 6.0g, its true health index has reduced forty percent, the solenoid valve has been a faulted valve. Therefore, this method accurately established the relationship between the health index of a SOV and the vibration signal (amplitude).
CONCLUSION
The method of fault detection for SOV based on vibration signal measurement is proposed in this paper. The amplitude of the vibration signal is extracted by denoising algorithm based on Wavelet and analyzed to detect faults. More than on fault modes of SOV, such as, contamination/corrosion of the plunger or plunger tube or degradation of the electromagnetic coil, can be detected by this method. It provides a direct way to assess the degradation level of SOV, thus capable of providing not only indications of whether or not the valve is functioning, but of how well the valve is functioning. In the future, we plan to carry out experimental research on other failure modes, and the applied research will be studied to promote the applicability of the method.
